Abstract: Inflammatory bowel disease (IBD) is a heterogeneous disorder in terms of age at onset, clinical phenotypes, severity, disease course, and response to therapy. This underlines the need for predictive and precision medicine that can optimize diagnosis and disease management, provide more cost-effective strategies, and minimize the risk of adverse events. Ideally, we can leverage molecular profiling to predict the risk to develop IBD and disease progression. Despite substantial successes of genome-wide association studies in the identification of genetic variants affecting IBD susceptibility, molecular profiling of disease onset and progression as well as of treatment responses has lagged behind. Still, thanks to technological advances and good study designs, predicting phenotypes using genomics and transcriptomics in IBD has been rapidly evolving. In this review, we summarize the current status of prediction of disease risk, clinical course, and response to therapy based on clinical case presentations. We also discuss the potential and limitations of the currently used approaches.
Introduction
The inflammatory bowel diseases (IBD), which include Crohn's disease (CD) and ulcerative colitis (UC), are chronic remittent inflammatory disorders of the gastrointestinal tract, with a multifactorial etiology. They are clinically heterogeneous and encompass a wide range of subtypes, each with its own pattern of disease behavior, location, and outcome. In general, clinical characterization of patients with IBD has been adopted by the Montreal classification [1] . While this classification system is reliable to classify phenotypes of IBD, its association with disease severity and ability to predict the clinical course is limited [2, 3] . Accurately predicting the most likely clinical course is necessary to separate patients on the basis of their disease prognosis. Patients with a poor prognosis will indeed benefit most from an early aggressive therapy and require more frequent follow-up. In addition to, and in part because of, these diverse clinical phenotypes and severity levels, there is substantial heterogeneity in a patient's individual response to therapy and in potential adverse events. A better prediction of therapeutic response and/or side effects will thus enable the selection of more optimal treatments and reduce the risk of adverse events.
For these reasons, genetic and molecular profiling of IBD has been at the forefront of IBD research for many years. Thanks to scientific and technological advancements in data generation, much progress has been made. For example, genome-wide association studies (GWAS) have identified ca. 240 genetic loci associated with IBD [4, 5] , have helped us to understand the genetic basis of IBD, and have indicated some key pathways [6] . Similar studies have been undertaken to also understand how these variants are associated with sub-phenotypes of the disease, treatment response, or side effects to therapy. However, Patients tend to have larger risk scores than controls, as seen by the shift to the right of the patient distribution (purple) compared to the control distribution (salmon), although the distributions of patients and controls tend to overlap for the most part. Also, it is equally possible to see patients with IBD but with a low IBD PRS (blue arrow on the left), as there are controls with high IBD PRS that do not develop IBD (orange arrow on the right). Thus, calculating someone's PRS is only able to tell something about that persons' risk to get the disease (compared to the general population), but not whether he/she will get the disease. (B) Risk gradient for IBD in the high polygenic risk score area (20% highest scores, dashed box). The ascertainment of individuals with high polygenic risk score in a population may provide an opportunity to identify the individuals with the highest genetic risk. On this figure, the increased fold-risk is indicated for individuals in the top 20%, 10%, 5%, 1%, and 0.5% of the distribution based on estimates from Khera et al. [20] . The size of the circles and the numbers inside indicate the odds ratios. The top 1% of PRS thus has 3.9-fold risk (compared with the remainder 99% of the population), which represents an increase of IBD risk to 5.1% (with a lifetime IBD risk of 1.3%). The utility of polygenic risk score-based risk estimations is thus currently limited by the relatively small effect sizes.
Case 2: Two-Year-Old Child Presents with Very Early Onset (VEO) IBD
Case description: A toddler presented with severe, bloody diarrhea at two years of life. His endoscopy demonstrated severe pancolitis with duodenal involvement. He developed a perianal fistula two months later. He remained unresponsive to medical and surgical therapy.
In addition to common genetic variants conferring polygenic susceptibility to IBD as described above, there is a small fraction of patients with monogenic IBD. These patients can present with a spectrum of rare genetic disorders, including immune deficiencies [26] . Around 50 single genes Patients tend to have larger risk scores than controls, as seen by the shift to the right of the patient distribution (purple) compared to the control distribution (salmon), although the distributions of patients and controls tend to overlap for the most part. Also, it is equally possible to see patients with IBD but with a low IBD PRS (blue arrow on the left), as there are controls with high IBD PRS that do not develop IBD (orange arrow on the right). Thus, calculating someone's PRS is only able to tell something about that persons' risk to get the disease (compared to the general population), but not whether he/she will get the disease. (B) Risk gradient for IBD in the high polygenic risk score area (20% highest scores, dashed box). The ascertainment of individuals with high polygenic risk score in a population may provide an opportunity to identify the individuals with the highest genetic risk. On this figure, the increased fold-risk is indicated for individuals in the top 20%, 10%, 5%, 1%, and 0.5% of the distribution based on estimates from Khera et al. [20] . The size of the circles and the numbers inside indicate the odds ratios. The top 1% of PRS thus has 3.9-fold risk (compared with the remainder 99% of the population), which represents an increase of IBD risk to 5.1% (with a lifetime IBD risk of 1.3%). The utility of polygenic risk score-based risk estimations is thus currently limited by the relatively small effect sizes.
Case description:A toddler presented with severe, bloody diarrhea at two years of life. His endoscopy demonstrated severe pancolitis with duodenal involvement. He developed a perianal fistula two months later. He remained unresponsive to medical and surgical therapy.
In addition to common genetic variants conferring polygenic susceptibility to IBD as described above, there is a small fraction of patients with monogenic IBD. These patients can present with a spectrum of rare genetic disorders, including immune deficiencies [26] . Around 50 single genes causing these cases of VEO-IBD or IBD-like intestinal inflammation have been identified, such as IL10R and XIAP [26] [27] [28] . Many VEO-IBD patients are refractory to conventional treatment, as is also seen in our case patient. A correct and early diagnosis is crucial, as these patients may be treated by hematopoietic stem cell transplantation or targeted therapy (e.g., IL1-receptor antagonist anakinra for IL10R-deficient patients [29] ). To identify the cause of the disorder, genetic analysis is required. This analysis can include whole-exome sequencing or targeted sequencing (e.g., Mendeliome sequencing [30] [31] [32] ) of the patient-and his parents-to identify the causal mutation. In addition, when a diagnosis based on genetic analysis can be made, these families can get genetic counselling and thus receive advice on the risk of recurrence and on medical, psychological, and familial implications. Hence, the application of next-generation sequencing has become a widespread diagnostic tool in children who present with VEO-IBD during infancy or early childhood [28] . Case description: This non-smoking patient was diagnosed with CD with nonstricturing/ nonpenetrating behavior, after which azathioprine (2.5 mg/kg/day) was initiated and maintained. Oral prednisone was commenced nine months before due to a flare-up and was tapered off three months later. However, two weeks before the visit, her abdominal pain and diarrhea recurred. She was worried she would have to start more aggressive treatments or would eventually need surgery. Can we predict her clinical course on the basis of molecular profiling?
The clinical predictors of a poor outcome in CD have been identified as a young age (<40 years) at diagnosis, extensive small bowel disease, perianal fistula, smoking, and the need for corticosteroids at diagnosis [33] . In a prospective inception cohort study in pediatric CD patients with a new diagnosis-the RISK cohort [34] , anti-Saccharomyces cerevisiae antibodies (ASCA) and anti-flagellin antibodies (CBir1) seropositivity were associated with complicated disease. Although the patients with these features have a significant risk of more complicated disease behavior, these clinical and serological factors have not led to optimal disease stratification at the time of diagnosis. Thus, the search for molecular markers to further predict IBD prognosis has been actively pursued (Figure 2 ).
Genetic Profiling
Predicting the course of IBD is important for optimizing treatments. Since genetic factors remain stable over time, are present long before disease onset, and are not open to subjective interpretation, they are promising candidates for disease prediction. However, only few associations between genetic variants and IBD phenotypes have been reported.
The most studied SNPs in the context of IBD phenotypes are the three well-known NOD2 variants, particularly in CD. These variants have been associated with a faster onset of stricturing disease and the need for surgery [35] [36] [37] [38] [39] . However, these associations are not with prognosis per se, but are a secondary phenomenon driven by the association of NOD2 variants with a younger age at diagnosis and ileal disease location [25] . Other retrospective cohort studies identified associations between known susceptibility variants and IBD phenotypes, but they often lack confirmation in other (prospective) cohorts [40, 41] . There are criticisms that the tested SNPs are known susceptibility markers and may be less useful in differentiating patients (disease susceptibility loci versus disease-modifying loci). Some studies have, however, looked beyond the established susceptibility variants. Alonso et al. conducted a GWAS to identify genetic markers for 17 clinical phenotypes of CD (on the basis of disease location, behavior, course, age at onset, and extraintestinal manifestations) and found an association between MAGI1 rs11924265 and complex stricturing disease [38] . The largest international study to date evaluating genotype-phenotype associations in IBD only found a few genome-wide significant associations (NOD2, MHC, and MST1 3p21) with age at onset, disease location, or behavior as defined by the Montreal classification, with the latter mostly driven by associations with disease location [25] .
A more effective approach could be to utilize extreme sub-phenotypes, i.e., patients at opposite ends of the prognostic spectrum ( Figure 2 ). By comparing contrasting clinical courses, Lee et al. identified four loci that are associated with CD prognosis: FOXO3, XACT, a region upstream of IGFBP1, and the HLA region [42] . None of these four loci were associated with disease susceptibility. Visschedijk et al. performed a within-case analysis by comparing extreme phenotypes with a strict definition for fibrostenotic disease (i.e., two or more resections due to confirmed ileal stenosis) [43] . SNP rs11861007 (located in WWOX and in lncRNA RP11-679B19.1) was identified as a disease-modifying genetic variant associated with recurrent fibrostenotic CD. Using a similar approach, Kopylov et al. found that none of their studied susceptibility loci were associated with benign UC [44] . In East Asians with UC, the SNP located between HLA-DRA and HLA-DRB (rs9268877) was found to be associated with a poor prognosis but not with susceptibility [45] . These studies highlight the need for detailed clinically relevant sub-phenotypes and categorization by relevant clinical outcomes in IBD.
As for predicting overall IBD disease risk, linking polygenic risk scores with clinical outcomes may yield more meaningful results. Although IBD patients tend to have larger average PRS than non-IBD individuals, this has not produced substantial improvements in predicting their clinical course. Indeed, no associations could be shown between genetic burden and development of complicated disease or need for surgery [39, 42, [44] [45] [46] [47] .
Across different studies, the definition of phenotypes is often not the same. This is an important challenge in conducting genotype-phenotype studies and might be one of the reasons for the lack of replication for some of the found associations. It should also be noted that, because of incomplete penetrance and the complex genetic nature, the genotype is not fully predictive of the phenotype. Genetic markers will thus not be able to entirely predict the natural course of the disease or the clinical outcome. The role of other factors and markers, like transcriptomic or serological markers, should also be considered.
Transcriptional Profiling
With the successes seen in the oncology field, it was hoped that we would be able to use transcriptional signatures to predict disease prognosis in IBD. Gene expression signatures indeed are used in the prediction of cancer behavior, such as metastasis and response to chemotherapy [48, 49] . Studies trying to link gene expression with disease progression in IBD have been less successful and somewhat disappointing. They often lack consistent replication and have typically been compromised by confounding factors such as clinical heterogeneity (e.g., medication use, disease severity).
Some more recent studies with smart study design seem to be starting to turn the tide ( Figure 2 ). One of the most promising studies came from the UK. Researchers found a transcriptional signature in separated CD8 + T cells that was predictive of prognosis in CD and UC patients [50] . They could validate this signature by a whole-blood qPCR assay, allowing easier translation to the bedside, in a prospectively collected cohort of newly diagnosed UC and CD patients [51] . A prospective biomarker-stratified trial in the UK is currently investigating the feasibility of personalized CD therapy [52] .
The last years, several groups have also invested in assembling prospective inception cohort studies of newly diagnosed patients naive to any disease-related therapies, hereby excluding possible confounding effects of medication. Kugathasan et al. gathered the largest prospective inception cohort of pediatric patients with CD to date (n = 913)-the RISK cohort [34] . They found that an upregulated ileal extracellular matrix gene signature at diagnosis is associated with a stricturing disease risk and presented a risk stratification model for complicated disease behavior based on clinical, serological, gene expression, and microbial factors defined at CD diagnosis [34] (Figure 2) . Furthermore, transcriptional risk scores integrating GWAS and expression quantitative trait locus data (the effects of genetic variation on gene expression) with ileal gene expression in this same CD cohort could be used to distinguish a complicated clinical course (B2/B3) of CD [53] . The mucosal transcriptomes from treatment-naïve UC patients in the PROTECT cohort in turn revealed mitochondrial dysfunction in active UC and higher anti-inflammatory ALOX15 expression during remission [54] . These findings highlight the potential of transcriptome analysis as a guide to precision medicine.
Serological Profiling
The conventional serologic markers studied in the context of IBD are antibodies against bacterial antigens, such as ASCA and CBir1, and antibodies against neutrophil antigens (pANCA), as also described above for the RISK cohort. Recently, a broader assessment of differentially expressed inflammatory proteins by serum proteome analysis was performed mostly using the Olink multiplex panels (Olink Proteomics, Uppsala, Sweden). The IBD Character biomarker discovery initiative used these panels on their large set of prospectively included newly diagnosed treatment-naïve IBD patients and found a protein signature with significant association with treatment escalation [55, 56] . Further study will need to validate these findings and show the clinical role of the identified signature and serum proteome analysis in the prediction of clinical sub-phenotypes. Furthermore, transcriptional risk scores integrating GWAS and expression quantitative trait locus data (the effects of genetic variation on gene expression) with ileal gene expression in this same CD cohort could be used to distinguish a complicated clinical course (B2/B3) of CD [53] . The mucosal transcriptomes from treatment-naïve UC patients in the PROTECT cohort in turn revealed mitochondrial dysfunction in active UC and higher anti-inflammatory ALOX15 expression during remission [54] . These findings highlight the potential of transcriptome analysis as a guide to precision medicine.
The conventional serologic markers studied in the context of IBD are antibodies against bacterial antigens, such as ASCA and CBir1, and antibodies against neutrophil antigens (pANCA), as also described above for the RISK cohort. Recently, a broader assessment of differentially expressed inflammatory proteins by serum proteome analysis was performed mostly using the Olink multiplex panels (Olink Proteomics, Uppsala, Sweden). The IBD Character biomarker discovery initiative used these panels on their large set of prospectively included newly diagnosed treatment-naïve IBD patients and found a protein signature with significant association with treatment escalation [55, 56] . Further study will need to validate these findings and show the clinical role of the identified signature and serum proteome analysis in the prediction of clinical sub-phenotypes. 
The Predictability of Treatment Response

Case 4: 25-Year-Old Male with a Two-Year History of Ileocolonic CD
Case description: A 25-year-old male with a two-year history of ileocolonic CD had maintained clinical remission for two years with azathioprine. Three weeks before the visit, he developed cramping abdominal pain, nausea, vomiting, and diarrhea. His leukocyte count was 6500/μL, C- Case description: A 25-year-old male with a two-year history of ileocolonic CD had maintained clinical remission for two years with azathioprine. Three weeks before the visit, he developed cramping abdominal pain, nausea, vomiting, and diarrhea. His leukocyte count was 6500/µL, C-reactive protein (CRP) was 1.5 mg/dL (<0.6), and Crohn's disease activity index (CDAI) was 350. He had smoked half a pack of cigarettes per day for five years. A CT enterograph revealed mucosal thickening, enhancement of the terminal ileum, and focal narrowing of the distal ileum without proximal dilatation. A colonoscopy revealed active longitudinal ulcers in the terminal ileum with multiple scars. Infliximab (5 mg/kg) was initiated with daily azathioprine. Endoscopic biopsies and blood sampling were conducted before the first infusion of infliximab. Two weeks later, his CDAI had decreased to 120, and maintenance with infliximab was planned. Will he have a well-sustained response to infliximab? Between 20% and 30% of IBD patients are refractory to any given medication, despite optimal dose and duration. Besides response, treatment side effects and toxicity are also variable. The need to predict the response to therapy is as pressing as the need to predict the disease course in IBD and will become even more important as more classes of therapeutics become available (e.g., anti-TNF agents, cell adhesion molecule inhibitors, anti-IL-12/23 agents, and other small molecules). Some clinical factors (e.g., concurrent use of immunomodulators, age, smoking, disease duration and location) have been identified but were not sufficiently reliable for predicting response to anti-TNF agents [34, [57] [58] [59] . To date, also no clear associations exist to justify the use of serological markers in the prediction of the response to (anti-TNF) therapy in clinical management [60] [61] [62] .
Genetic Profiling
The question of whether genetics can help predict the response to IBD therapy has been at the forefront of many research efforts. Unfortunately, genetic markers have had limited success in predicting the outcomes of IBD therapy, again in contrast to other fields such as oncology, where molecular markers have shown clinical utility in predicting the response to chemotherapy. One of several examples in cancer treatment is cetuximab, for which the beneficial effects seem limited to patients with KRAS wild-type metastatic colorectal cancer [63] .
Most pharmacogenetic studies on the response to biologics in IBD patients have considered single genes (TNF, NOD2, FCGR3A, IL-23R, FcRn) [62, [64] [65] [66] [67] [68] [69] or gene groups (e.g., apoptosis genes) [70] in smaller-size cohorts. Findings on these candidate gene studies, however, were largely inconsistent and could not be confirmed in larger cohorts. A recent systematic review and meta-analysis of 15 such studies reported associations of TLR2, TLR4, TLR9, TNFRSF1A, IFNG, IL6, and IL1B with response to infliximab in IBD [71] ; however, the associations were relatively weak. Billiet et al. employed a PRS based on 140 validated CD risk loci [72] ; however, this score did not affect an individual patient's response to anti-TNF therapy [59] . Dubinsky et al. conducted an unbiased genome-wide association study in pediatric IBD patients to find novel 'pharmacogenetic' loci and a primary non-response to anti-TNFα [73] . Three loci were significant in a final predictive model: TACR1 (Tachykanin Receptor 1), a receptor for substance P and known pro-inflammatory molecule, PHACTR3 (Phosphatase And Actin Regulator 3) which is associated with the nuclear scaffold in proliferating cells, and FAM19A4 (Family With Sequence Similarity 19 Member A4, C-C Motif Chemokine Like) which functions as a chemokine and regulator of immune cells in the brain. Another recent study used immunochip genotypes to identify genetic factors associated with response to anti-TNF therapy in CD patients and summed these factors into a genetic risk score [74] . They identified different genetic factors associated with non-response and with durable response, respectively, suggesting that these two response outcomes have distinct underlying mechanisms. The genetic associations identified in these studies require further independent confirmation. These findings possibly may not have any immediate clinical impact but they will increase our understanding of the complex mode of action of anti-TNF agents in CD.
Similar to sub-phenotypes of disease, treatment response is often defined subjectively and different across studies. Another factor that is important in the response to anti-TNF agents and other biologics is immunogenicity. An advantage is that immunogenicity is more objectively defined, and thus genetic markers for the formation of antibodies to anti-TNF drugs might be a more feasible target. The incidence of antibody formation against anti-TNF agents is estimated to range from 1% to 14% depending on the specific drug [75] . Many factors could influence antibody formation [76] : patient factors (age, genetic background), intrinsic drug factors (formulation, structure, stability), and extrinsic drug factors (method of administration, dosage, frequency, length of treatment). In multiple sclerosis, an association between HLA-DRB1 and the formation of antibodies towards interferon-β therapy is seen [77] . HLA-DRB1 alleles have also recently been associated with immunogenicity to infliximab in IBD patients [78] : the presence of arginine at position 74 and the absence of glutamate at position 71 in the peptide-binding groove of the HLA-DRB1 complex are associated with antibodies against infliximab. A recent prospective and observational UK-wide study, however, reported that it is HLA-DQA1*05 that is associated with antibody responses to infliximab and adalimumab and that immunogenicity in carrier patients is attenuated by concomitant immunomodulators [79] . Patients could therefore be genetically screened before initiating a treatment. However, it is unknown whether the carriage of this variant is also associated with a loss of response and not just with immunogenicity.
Transcriptional Profiling
Genome-wide mucosal gene expression studies have identified several candidate genes that are possibly predictive of response to a range of biologics. Arijs et al. reported mucosal gene expression signatures that are predictive of a (non-)response in infliximab-naive CD and UC patients [80, 81] . Genes that showed a lower expression at baseline in responders than in non-responders were mainly involved in immune signaling. This suggests a potentially larger immune burden at baseline in non-responders to anti-TNF therapy. The large overlap of the predictive genes in UC and CD patients implies a shared mechanism of nonresponse to infliximab in both disorders. One of the key biomarkers was IL13RA2 (IL-13 Receptor alpha 2), which was independently confirmed in adalimumab-treated CD patients [82] . In an il13ra2 knock-out mouse model exposed to dextran sodium sulfate (DSS), il13ra2 on epithelial cells contributed to IBD by negatively influencing goblet cell responses and epithelial regeneration after intestinal damage [83] . This molecule was also found to drive fibrosis [84] . Notably, the gene expression signature identified by Arijs et al. was replicated in a phase 2a open-label study of 103 golimumab-treated patients with moderate-to-severe UC [85] . However, the prediction specificity for mucosal healing in that study was only 34%, thus limiting its clinical utility [85] .
West et al. reported that elevated expression of the IL-6 family member oncostatin M (OSM) in the pre-treatment intestine correlated with failure of anti-TNF therapy, consistent with an increased OSM expression in inflamed tissue correlating with disease activity [86] . OSM drives pro-inflammatory cytokine production in the gut, ultimately inducing the infiltration of neutrophils, monocytes, and T cells. Finally, a recent extensive study by Schmitt et al. on the molecular mechanisms underlying anti-TNF therapy resistance reported a potential role of IL-23 in mediating this non-response, with an expansion of apoptosis-resistant TNFR2 + IL23 + T cells associated with anti-TNF resistance in CD patients [87] . These authors additionally demonstrated a significant upregulation of mucosal IL-23p19, IL23R, and IL-17A during anti-TNF therapy in anti-TNF-refractory patients and identified IL23 as a suitable target in anti-TNF non-responders.
Whereas the previously mentioned studies have screened for markers at the mucosal side, Gaujoux et al. identified TREM-1 downregulation in whole blood at baseline as predictive of anti-TNF non-response with an area under the curve of 94% [88] . However, the opposite has also been reported, with significant downregulation of TREM-1 in whole blood, both at protein and mRNA level, at baseline in patients who achieved mucosal healing after anti-TNF therapy [89, 90] .
With new agents having entered the market, similar transcriptome studies examining differences between responsive and resistant IBD patients have been performed for these other agents as well. For etrolizumab, a humanized monoclonal antibody against the β7 integrin subunit designed to target α4β7 and αEβ7 integrin-expressing immune cells, data from a randomized placebo-controlled trial have been used. Patients with high integrin αE (ITGAE) and granzyme A (GZMA) gene expression in the pre-treatment colonic biopsy sample achieved better clinical remission with etrolizumab [91, 92] . However, whether these biomarkers hold their promise in phase III programs and in larger prospective studies remains unknown. Histologic and gene expression changes before and after treatment with vedolizumab, a monoclonal antibody against the α4β7 integrin, were assessed in 41 UC patients from the GEMINI I and GEMINI long-term safety study [93] . Despite achieving mucosal healing, persistent histological and immune-related gene dysregulations remained in a portion of patients receiving vedolizumab treatment. Among the anti-TNF-naive UC patients who were refractory to standard therapy, a higher expression of ADGRL2 (also called LPHN2) or FGF7 was indicative of better candidates for vedolizumab than anti-TNF treatment.
Attempts to identify molecular markers for the response to biological therapy in IBD thus have achieved only limited success, partly because of confounding factors and the lack of uniformly defined objective response criteria. Treatment responses in a heterogeneous disorder such as IBD are influenced by many factors, including disease duration, behavior, severity, and inter-individual variations in drug pharmacokinetics. To advance the pharmacogenetic field, trials involving patient cohorts treated with fixed drug doses as well as well-defined and unified response criteria are necessary. Hence, multi-layered data from a standardized randomized controlled trial could provide a great opportunity to identify molecular markers with clinical applicability. Notably, a previous genome-wide pharmacogenetic study in asthma used available randomized controlled trials and identified and confirmed novel pharmacogenetic determinants in the GLCCI1 gene that predicted the response to inhaled glucocorticoids [94] . Although several challenges remain in terms of robust reproducibility and clinical utility, the findings highlighted above emphasize that genomic and transcriptomic profiling before starting a treatment might help in identifying biomarker signatures and thus patients who are most likely to benefit from specific therapies.
Predictability of Adverse Events
Case 5: 28-Year-Old Female with a Three-Year History of UC
Case description: A 28-year-old female immigrant from South Korea with a three-year history of UC displayed inflammation confined to the rectum. Sulfasalazine and a mesalazine suppository were administered daily. She had experienced two flare-ups and progressed proximally to the splenic flexure in the past year, and azathioprine was planned with the tapering of prednisone. Do we need to perform genetic testing before administering any of these medications to avoid adverse events?
Adverse events related to IBD medications are typically rare but potentially life-threatening. Recent studies have reported that some rare complications of these therapies are associated with clinically useful genetic variations.
Thiopurines
Thiopurine analogues are the only class of drugs for which genetic testing is recommended and useful for IBD. Thiopurine-induced myelotoxicity is mainly explained by the complex metabolism of these agents, which results in the accumulation of potentially toxic metabolites (high concentrations of 6TGN or 6-thio-GTP/6-thio-dGTP). Azathioprine is metabolized by the enzymes TPMT (thiopurine methyl transferase) and NUDT15 (hydrolase/8-oxo-7,8-dihydrodeoxyguanosine triphosphate pyrophosphatase), whose activities are dependent on variation in their genes [95] [96] [97] . Thiopurines should be avoided in patients with a TPMT deficiency, a homozygous NUDT15 variant genotype, or a NUDT15/TPMT variant diplotype. Moreover, hematologic toxicity can develop in patients who do not harbor a known variant of either TPMT or NUDT15 and in those with normal TPMT activity levels. Genetic testing will not obviate the requirement for regularly monitoring blood counts and liver transaminase activity for the duration of thiopurine administration.
In practice, both genotyping for the most common TPMT variants and measuring TPMT enzyme activity can be performed. Both techniques have advantages, and the choice of test is partly dependent on availability. TPMT genotyping is easier to perform, but genotypes do not fully correlate with enzyme activity, particularly in wild-type (some patients will have reduced TPMT activity) or heterozygous (some will have normal TPMT activity) individuals [98] [99] [100] [101] . Direct measurements can therefore more accurately identify cases with high TPMT activity that will metabolize 6-mercaptopurine (6-MP) to 6-methyl-MP and thus be resistant to thiopurine therapies. When TPMT genetic testing is performed, normal doses of azathioprine or 6-MP (2.5 and 1.5 mg/kg, respectively) can be administered to patients with a wild-type genotype or normal enzyme activity levels. When TPMT activity is intermediate or when patients are heterozygous for common TPMT variants, a dose reduction of 50% is recommended. Finally, patients with low or absent TPMT activity and/or harboring a compound heterozygous/homozygous mutation in the TPMT gene should not be given azathioprine or 6-MP because of a high risk of myelotoxicity.
Specifically, for the case described here, genotyping or activity assessment of this enzyme will play only a limited role in the prevention of thiopurine-induced leukopenia, as TPMT deficiencies are relatively rare among Asians. Notably, however, NUDT15 coding variants (mainly p.R139C) are strongly associated with leukopenia with a high sensitivity and specificity in people of Asian ethnicity [96] , independent of 6-TGN levels [102, 103] . Because NUDT15 converts TGTP to TGMP (and TdGTP to TdGMP), it prevents the incorporation of these thiopurine metabolites into DNA (DNA-TG) [97] . NUTD15 variations cause a loss of nucleotide diphosphatase activity, leading to excessive levels of thiopurine active metabolites (6-thio-GTP and/or 6-thio-dGTP) and toxicity [97] . Although NUDT15 variants are less common than TPMT in Caucasian populations, their effects were found to be substantial even in heterozygotes [104] .
Another serious adverse event of thiopurine exposure is pancreatitis, which occurs in 4% of cases. A recent international GWAS by Heap et al. identified the HLA-DQA1*02:01-HLA-DRB1*07:01 haplotype to be associated with thiopurine-induced pancreatitis [105] . IBD patients who are heterozygous for rs2647087 have a 5-9% risk of this, whereas homozygotes have a 15-17% risk [105, 106] . Although these latter variants are not yet used in the clinic, their inclusion in testing might substantially reduce the risk of serious adverse events related to thiopurine analogues.
5-Aminosalicylate (5-ASA)
Nephrotoxicity is a rare idiosyncratic reaction to 5-ASA administration in IBD patients. A cohort of 151 such cases (5 definite and 146 probable cases) was recruited from 89 centers over a two-year period and analyzed by GWAS. Heap et al. identified an association of 5-ASA induced nephrotoxicity with the rs3135356 variant in the HLA region [107] . This signal was significantly strengthened above the GWS threshold when testing only biopsy-positive cases (OR = 3.11). The clinical benefits of this pre-genotyping remain limited, given the rarity and relatively modest effects of nephrotoxicity.
Anti-TNF Therapy
One of the most common adverse events associated with anti-TNF therapy are skin lesions. These lesions affect up to 25% of IBD patients receiving anti-TNF therapy [108] . Tillack et al. reported that a small group (n = 7) of IBD patients who had developed severe psoriasiform skin lesions and/or alopecia during anti-TNF therapy were effectively treated with ustekinumab, an anti-IL12/IL23 antibody. All seven patients were G/G wild-type carriers for the IL23R coding variant rs11209026 [109] . The wild-type status of this SNP is associated with increased T-helper 17 cytokine production, whereas carrying the minor allele implies a decreased secretion of this cytokine. Therefore, anti-IL23 treatment is efficacious in wild-type patients. Given the previously shown efficacy of anti-IL12/IL23 antibody therapy in CD, ustekinumab may be a suitable alternative to anti-TNF therapy in CD patients with anti-TNF-associated skin lesions. IL23R variant typing might contribute to treatment decisions in this case.
Conclusions
Although previous achievements in IBD genetics have provided a better insight into disease pathogenesis, many clinical application questions remain to be elucidated. In this review, we outlined current progress in molecular profiling for the prediction of IBD (subtypes) as well as some pointers to help answer questions from patients' cases (see Figure 3 and Table 2 for an overview). Whereas clinical IBD classifications have focused on disease location, behavior, and age at onset, this classification does not correlate well with the natural disease course. The search for molecular markers to further define and predict IBD outcomes has moved forward rapidly with the help of modern technologies. The past decade has seen substantial successes in the use of GWAS to identify genetic variants of IBD susceptibility. However, molecular profiling of the clinical course and treatment responses in these patients lags far behind this susceptibility analysis. Clinical applications of molecular profiling do exist in other disease fields. In cancer management, targeted therapy based on genetic data is widely applied (e.g., cetuximab for KRAS wild-type colorectal cancer, dabrafenib for cancers with V600E BRAF mutation). In cardiovascular disease, pharmacogenetic profiling for clopidogrel, warfarin, acenocoumarol, and simvastatin dosing is recommended [110, 111] . At the same time, there are some obstacles that need to be overcome to fully implement pharmacogenetic testing in the clinical practice: we need robust evidence for cost effectiveness, physicians and patients need to be aware and trained, and commercial pharmacogenetic panels need to be developed [111] . For IBD, to date, pharmacogenetic research has also produced the most success in the context of molecular patient profiling (e.g., TPMT and NUDT15 genetic testing in the context of thiopurine-induced myelotoxicity, Table 2 ).
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markers to further define and predict IBD outcomes has moved forward rapidly with the help of modern technologies. The past decade has seen substantial successes in the use of GWAS to identify genetic variants of IBD susceptibility. However, molecular profiling of the clinical course and treatment responses in these patients lags far behind this susceptibility analysis. Clinical applications of molecular profiling do exist in other disease fields. In cancer management, targeted therapy based on genetic data is widely applied (e.g., cetuximab for KRAS wild-type colorectal cancer, dabrafenib for cancers with V600E BRAF mutation). In cardiovascular disease, pharmacogenetic profiling for clopidogrel, warfarin, acenocoumarol, and simvastatin dosing is recommended [110, 111] . At the same time, there are some obstacles that need to be overcome to fully implement pharmacogenetic testing in the clinical practice: we need robust evidence for cost effectiveness, physicians and patients need to be aware and trained, and commercial pharmacogenetic panels need to be developed [111] . For IBD, to date, pharmacogenetic research has also produced the most success in the context of molecular patient profiling (e.g., TPMT and NUDT15 genetic testing in the context of thiopurineinduced myelotoxicity, Table 2 ). Table 2 . VEO-IBD: very early onset IBD. Table 2 . VEO-IBD: very early onset IBD. Adverse events Thiopurine-induced myelotoxicity: TPMT, NUDT15 genetic testing Thiopurine-induced pancreatitis: HLA genetic testing [105, 106] Skin lesions under anti-TNF therapy: IL23R rs11209026 genetic testing [109] Prediction of the clinical course based on molecular characterization of IBD is influenced by many elements including clinical, environmental, and microbiome factors, and thus this research field has produced only modest successes to date. The future direction of this research field likely involves expanding upon existing gene expression or genetic profiling to include multiple omics and thus integrate the different omic layers, i.e., clinical, serological, (epi-)genetic, and microbial factors. This was exemplified to some extent by the RISK cohort findings [34] . Innovative efforts at integrating different data sets could provide important new insights into risk identification and optimized treatment for IBD in the near future [112] . Another important direction is to characterize IBD disease progression and response to treatment at an in-depth cellular level for a deeper definition of the pathophysiological context. Although not without merit, gene expression analysis of bulk tissues has also important intrinsic limitations, as it uses the averaged gene expression of the bulk population of cells, and hence, any transcriptional variation detected will predominantly reflect differences in the cellular composition between samples. Recent advances in biotechnology now allow gene expression measurements in individual cells (single-cell RNA-seq) and thus the identification and quantification of cells based on their intrinsic transcriptome. A few studies have been published so far [113] [114] [115] [116] . For example, the study by Martin et al. used high-resolution single-cell mapping of inflammatory lesions in patients with CD to characterize the ileal lamina propria cellular landscape, hereby revealing a (complex) cellular signature of anti-TNF resistance [113] . Further studies are warranted, incorporating smaller scale single-cell data with bulk RNA-seq data. Taken together, the requirements for pharmacogenetic and other predictive studies to advance this field include: (i) detailed clinical, genomic, and follow-up data; (ii) standardized drug dose levels and fixed endpoints and criteria for treatment responses; (iii) analyzing data integrated from multiple "omes"; (iv) applying the newest technologies; (v) a culture of collaboration and data sharing. A clinical trial setting may be the optimal and preferred method to achieve these requirements, and longitudinal collections of samples from these patients should be emphasized as an absolute requirement.
